Past research has indicated that the accuracy of traffic quality studies strongly depends on capacity parameters, particularly when demand approaches capacity. Minimal work has been done in the past on local values of the base saturation flow rate and lost times used in capacity analysis of signalized intersections. This paper discusses saturation flow studies conducted for Indiana.
INTRODUCTION
Signal control is a frequently used remedy of capacity shortage in urban areas. Sufficiently accurate methods of predicting the capacity of signalized intersections are important for correct roadway design and for effective traffic management. The Highway Capacity Manual (HCM) (1) provides such a method, together with default values for the key method parameters. These parameters include the base saturation flow rate, lost times, and PHF that have been proven to be important inputs to calculations. The HCM advises its users that "these characteristics at specific locations will vary somewhat from national averages because of unique features" and recommends "that local data collection be performed to determine saturation flow rates and lost times, which can lead to more accurate computations." Since determining these parameter values at designed or considerably re-designed intersections is not possible, the HCM default values are often used.
The objective of the presented research is to estimate the Indiana base saturation flow rates and lost times and identify the local factors of the two parameters. Some of the factors considered include the community size, the number of lanes, and the road class. An attempt will be made to develop a method for selecting appropriate capacity parameters values, adequate for local conditions. The goal of the presented research is to improve the accuracy of predicting capacity and performance of signalized intersections in Indiana and other states.
BACKGROUND
The HCM specifies the factors of saturation flow rate, including lane width, parking activity, vehicle type, bus stops, approach grade, and others. Selected relevant past studies on capacity factors that include capacity parameters will be discussed shortly. Bonneson and Messer (2) found that the saturation flow rate is significantly higher under traffic pressure, as quantified by high traffic volume per cycle per lane. Studies conducted in Florida (3), investigated base saturation flow rates and lost times in four area types: recreational, residential, business, and commercial.
The research indicated that the recreational area had saturation flow rates eight percent lower than the other areas. The same authors concluded in another research that non-local drivers had significant impacts on saturation flow rates and capacity (4) . These findings may be considered important where tourism is a major economic activity and effective traffic management is needed to maintain the area's attractiveness. Zegeer (5) The HCS users' survey performed by Tarko and Songchitruksa (7) indicates that many professionals have doubts about the results produced by the HCM. The chapter on signalized intersections was frequently pointed by HCM users as provoking a lack of trust in the results, indicating that the results are sometimes unrealistic. Some of the respondents believe that the inputs are not accurate while equations to calculate delays are too sensitive to these inputs and they amplify the inaccuracies.
Khatib and Kyte (8) investigated the sources of errors and their impacts on the level of service prediction. The findings showed that errors in the input parameters were responsible for significant bias in the results when the analyzed intersections operated at high delays. They also recommended the use of site-specific data, if available. Dowling (9) did a comprehensive study of the effect of using default instead of measured values.
He found that using the local values of the PHF, saturation flow rate, and signal progression factor considerably reduced the errors in the delay estimates when the traffic stream was stronger than 85 percent of capacity.
The past research indicates that base saturation flow rates and lost times vary across areas and regions. These differences may be partly caused by different driving behavior, as indicated for Florida and Kentucky, and partly by typically higher volumes in large towns, as indicated by Bonneson and Messer (2) . The discrepancy between the assumed capacity parameters in calculations and the actual ones may cause incorrect delay and LOS predictions, particularly when the traffic volumes approach or exceed capacity.
METHODOLOGY
The research on the Indiana local factors of capacity parameters included three phases: The second phase, saturation flow rates and lost times are estimated from the vehicle counts and the time measurements. There are three methods for estimating the capacity parameters. The headway method was adopted by the HCM and was also used in our studies to preserve the consistency of our estimations with the HCM concepts. Lanes without trucks were analyzed using the headway method. A single modification was required, though, to account for the limited presence of heavy vehicles in some of the studied lanes. We used the regression method to In the third phase, the estimated saturation flow rates and lost times were analyzed using the regression method to identify local characteristics responsible for the site-to-site variability in the capacity parameter values. Considerable variability caused by the imperfect measurement was accounted for with weighted regression.
DATA COLLECTION
Twenty-one signalized intersections across the state of Indiana were selected for our study. Three criteria were considered in the selection:
(1) Long queues, (2) Base conditions, and (3) Population.
Sufficiently long queues are required to observe saturated flow conditions. As pointed out by Le et al. (3) , the intersections must include lanes operating under base conditions (12-ft lanes, no pedestrian flow, no parking maneuvers, no bus stops, and zero grade approach). A low percentage of heavy vehicles is acceptable as it can to be accounted for when estimating the base saturation flow rate. Diversified population sizes and other local conditions must be reflected in the sample to investigate their effect. Table 1 shows the communities selected for the study. Only Indianapolis has been classified as a large community. Communities with a population of more than 20,000
were classified as medium. Small communities were defined as those with a population of less than 20,000 inhabitants. Table 1 presents the selected towns and their population.
A mobile traffic laboratory was used to record traffic queues and signal displays at the studied intersections (see Fig. 1 ). A digital video recorder and cameras on a 45-ft mast were used for this purpose. The mobile traffic laboratory was parked near the intersection where traffic operations
were not affected by its presence. The typical data collection setup is presented in Figure 2 . The cameras on the mast were used to record traffic discharging from at least two approaches. We attempted to have entire queues in the field of view. In some cases, however, the end of the queue was outside of the field of view. These images did not allow for measuring the queues and delays but were still useful for measuring the saturation flow rates. The additional two cameras on tripods were used to record displayed signals. The digital video recorder was used to simultaneously record the video streams from the four cameras.
The four video streams were mixed in a multiplexer and displayed as one image to synchronize and ease the measurements during the playback (Fig. 3 ). An Excel-based software and spreadsheet forms were used to record the data. The following quantities were measured with the video images:
T G Time when green phase starts 
Saturated discharge time, t s = T q -T 4

Green time extension, e = T q -(T y -A)
Number of passenger vehicles in the start-up discharge, n pc1 = 4 -n hv1
The saturated discharge time and the number of passenger and heavy vehicles in the saturated discharge were used to estimate the saturation flow rate. The start-up discharge time was used to estimate the start-up lost time. These calculations are explained in the next section.
ESTIMATION OF CAPACITY PARAMETERS
The capacity parameters were estimated using the following model:
where:
= number of passenger vehicles in the saturated discharge, n hv2 = number of heavy vehicles in the saturated discharge, h pc = estimated saturated headway for a passenger vehicle in seconds (regression parameter), h hv = estimated saturated headway for a heavy vehicle in seconds (regression parameter).
The regression parameters were estimated using the regression procedure of the Statistical Analysis System (SAS) Computer Program Package (15) . The parameters represent the average saturated headways for passenger and heavy vehicles. 
The start-up lost time estimate 1 l is calculated from the estimated saturated headway, which is the time at the beginning of the green phase that is not effectively used. It is calculated as the difference between the average start-up discharge time 4 t (no heavy vehicles) and the average saturated discharge time of four passenger cars:
The variance of the estimated start-up lost time includes the variance of 1 l estimate and the variance of the saturated headway estimate:
Example estimates of the saturation flow rate and other capacity parameters obtained from the results presented in Table 2 are shown in Table 3 .
The HCM defines the extension of the effective green time (e) as " that occurs between phases of a traffic signal to provide for clearance of the intersection before conflicting movements are released." To be consistent with the HCM notation, letter Y will be used for the length of the change and clearance interval. Letter A will stand for the length of the yellow (amber) signal.
The effective green extension time was calculated using the time when the front axle of the last vehicle in a saturated queue crosses the stop bar and the time when the displayed green phase ends as shown in Equation 8:
Forty-three through lanes and twelve exclusive left-turn movements were included in the study. Table 4 and Table 5 show a summary of the average values of the capacity parameters. Estimation accuracy was considered when calculating the averages by weighting the individual results with the inverse of the estimate variance. The heavy vehicle equivalency factor average value for the through movement was estimated based on 28 lanes with heavy vehicles present.
Although the average value for the saturation flow rate is slightly below the HCM-recommended value, the variability between locations is quite strong and cannot be explained with the measurement error. Small communities tend to have considerably lower values of saturation flow rates than large communities. Table 4 shows that the green time extension is one second longer than the start-up lost time, which means that an effective green is one second longer than a displayed green. The average value of start-up lost time is close to the default of two seconds recommended by the HCM 2000. Also, the heavy vehicle equivalency factor is not significantly different from the default value of two. Although the lost time and equivalency factor estimates vary considerably across traffic lanes and intersections, the preliminary inspection of the results did not reveal any obvious trends. Most of the variability of these estimates can be attributed to the considerable measurement error. All the parameters will be further studied to identify sources of their variability.
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The estimates of the average saturation flow rates for through and left-turn movements are close. It should be stressed, however, that exclusive left-turn lanes were not present at the studied intersections in small communities. A comparison of the average saturation flow rates measured in medium towns and in Indianapolis indicated that the base saturation flow rate for left-turn movements was, on average, 95 % of the values for through movements, which is the default value recommended in the HCM.
VARIABILITY OF CAPACITY PARAMETERS
The considerable variability of capacity parameter estimates across sites prompted studying the effects of several local characteristics considered to be good candidates of capacity factors:
population, road class, number of lanes, and right-most through lane design. These characteristics are shortly discussed.
Population -Previous studies indicated that community size had an effect on capacity. It seems that drivers in large communities are more aggressive than drivers in small communities. To investigate this effect, the developed areas in Indiana were classified in three categories: small, medium, and large. The only exception was small towns located outside of the Indianapolis city limits but within driving distance to the Indianapolis downtown. These communities were considered part of the metropolitan area because a majority of their drivers commute to Indianapolis and exhibit the large city driving style. The model is recommended for Indiana to replace the default value of 1900 veh/h/lane. Table 7 presents the values for various local conditions rounded to nearest tens.
CONCLUSIONS
The Indiana-average saturation flow rate, lost time, heavy vehicle equivalency factor, and adjustment factor for protected left turns were found to be close to the default values recommended in the HCM manual.
Although the Indiana typical values of capacity parameters conform to those recommended by HCM 2000, the variability across locations was considerable. Not all of this variability could be explained with the limited measurement precision, but it was obvious for the saturation flow rates.
The size of the community was found to be very significant both from a statistical and a practical Tables  Table 1 Communities Selected for study   Table 2 Saturated Headways at US 36 & Girls School Road Table 3 Capacity Parameter Estimates Table 4 Capacity Parameters for Through Movement Table 6 Parameter Estimate Using Weighted Linear Regression Table 7 Recommended Base Saturation Flow Rate Table 8 Comparison of research results on the impact of the population size on the saturation flow rate (in reference to a big town of population larger than 100,000) (2) Including through and left turn movements Table 8 Comparison of research results on the impact of the population size on the saturation flow rate (in reference to a big town of population larger than 100,000) 
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